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(Bacl(ground: C. rodentium and E. coli induce noncanonical Nlrp3 inflammasome activation through caspase-11.
Results: TLR4-TRIF are important for caspase-11 expression, caspase-1 activation, and downstream IL-18 and IL-18

Conclusion: TLR4-TRIF axis plays an important role in the up-regulation of caspase-11 and activation of noncanonical

Significance: Our study identifies novel molecules upstream of caspase-11 that are involved in activation of noncanonical
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Enteric pathogens represent a major cause of morbidity and
mortality worldwide. Toll-like receptor (TLR) and inflam-
masome signaling are critical for host responses against these
pathogens, but how these pathways are integrated remains
unclear. Here, we show that TLR4 and the TLR adaptor TRIF are
required for inflammasome activation in macrophages infected
with the enteric pathogens Escherichia coli and Citrobacter
rodentium. In contrast, TLR4 and TRIF were dispensable for
Salmonella typhimurium-induced caspase-1 activation. TRIF
regulated expression of caspase-11, a caspase-1-related protease
that is critical for E. coli- and C. rodentium-induced inflam-
masome activation, but dispensable for inflammasome activa-
tion by S. typhimurium. Thus, TLR4- and TRIF-induced
caspase-11 synthesis is critical for noncanonical Nlrp3 inflam-
masome activation in macrophages infected with enteric
pathogens.

Enteric pathogens such as enterohemorrhagic Escherichia
coli and enteropathogenic E. coli are responsible for a large
number of cases of diarrhea, which causes significant morbidity
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and mortality among infants and children in the developing
world (1-3). Orchestration of an appropriate immune response
against these bacterial pathogens is accomplished in part
through their recognition by a limited number of germ line-
encoded pattern recognition receptors expressed by immune
and epithelial cells (4). Activation of members of the mamma-
lian Toll-like receptor (TLR)? family at the cell surface and
within endosomes triggers NF-«B activation through the adap-
tor proteins MyD88 and TRIF (5). NF-«B target genes include
proinflammatory cytokines such as members of the interleukin
(IL) family, the transcriptional up-regulation of which drives
induction of host responses contributing to effective eradica-
tion of the bacterial pathogen (5). This is illustrated by the
observation that mice with mutations in TLR4 are hyporespon-
sive to lipopolysaccharide (LPS)-induced cytokine production
(6,7) and that Tlr4~’~ and Myd88~'~ mice are highly resistant
to E. coli-induced septic shock (8).

In addition to TLRs, intracellular pattern recognition recep-
tors of the NOD-like receptor (NLR), HIN-200, and RIG-I-like
protein families are increasingly recognized as critical sensors
that detect conserved microbial components and endogenous
danger-associated molecules in intracellular compartments (4,
9). A subset of NLR and HIN-200 proteins assembles inflam-
masomes, cytosolic multiprotein complexes that drive the pro-
teolytic maturation of caspase-1, a proinflammatory protease
whose activity is implicated in a variety of infectious and auto-
inflammatory diseases (10). Caspase-1 contributes to inflam-
matory responses by proteolytically maturing the proinflam-

3 The abbreviations used are: TLR, Toll-like receptor; m.o.i., multiplicity of
infection; NLR, NOD-like receptor; TRIF, Toll or interleukin receptor (TIR)
domain-containing adaptor-inducing interferon-p.
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matory cytokines IL-18 and IL-18, and by initiating pyroptosis,
a rapid proinflammatory cell death mode in infected myeloid
cells (10). Genetic studies in mice indicate that at least four
inflammasomes are assembled depending on the infectious
agent or danger-associated molecule that is encountered (9,
10). Notably, the Nlrp3 inflammasome responds to a wide vari-
ety of insults, including the detection of bacterial mRNA in
intracellular compartments (11, 12). Recently, the Nlrp3
inflammasome was demonstrated to be responsible for inflam-
masome-mediated IL-18 and IL-18 production in macro-
phages infected with the enteric pathogens E. coli, Citrobacter
rodentium, and Vibrio cholerae (13). Moreover, the Nlrp3
inflammasome plays a critical role in induction of immune and
host responses against C. rodentium infection in vivo (14).
However, how TLR and inflammasome activation are inte-
grated during infection with enteric bacterial pathogens
remains unclear.

Here, we show that Nlrp3 inflammasome activation and
caspase-1 processing in macrophages infected with the enteric
pathogens E. coli and C. rodentium specifically required the
TLR adaptor TRIF downstream of TLR4. In contrast, TLR4 and
TRIF were dispensable for Salmonella typhimurium-induced
caspase-1 activation, which proceeded through the Nlrc4
inflammasome. TLR4 and TRIF mediated synthesis of caspase-
11, a protease that is critical for E. coli- and C. rodentium-in-
duced inflammasome activation. Thus, we identified TRIF-in-
duced caspase-11 production as a new immune pathway that
integrates TLR4- and Nlrp3 inflammasome-mediated recogni-
tion of enteric pathogens in macrophages.

EXPERIMENTAL PROCEDURES

Mice—All mice were fully backcrossed to C57BL/6 and
housed at St. Jude Children’s Research Hospital and Ghent Uni-
versity in a specific pathogen-free animal care facility. Tr2~/~
(15), Tlrd~'~ (16), Tlr7 '~ (17), Myd88~'~ (18), Trif '~ (19),
and Myd88~'~ Trif '~ (19) mice were kindly provided by Dr.
Akira (Osaka University) and have been described previously.
Caspase-11"'" mice (13) were a kind gift of Dr. Vishva Dixit
(Genentech). Nlrp3~'~, Nircd~'~, Asc™’~, Nodl '~
Nod2'~, Mavs~'~, Nlrp6~'~, and Nlrpl2~'~ mice used in
this study have all been described previously (20-29). Animal
studies were conducted under protocols approved by St. Jude
Children’s Research Hospital and Ghent University Committee
on Use and Care of Animals.

Macrophage Culture and in Vitro Infections—Bone marrow-
derived macrophages were prepared as described previously
(14, 22, 30). Briefly, bone marrow cells were cultured in L cell-
conditioned Iscove’s modified Dulbecco’s medium supple-
mented with 10% FBS, 1% nonessential amino acid, and 1%
penicillin-streptomycin for 5 days to differentiate into macro-
phages. Bone marrow-derived macrophages were seeded in
6-well cell culture plates, stimulated with or without LPS (500
ng/ml) for 5 h, and infected with E. coli, C. rodentium, or S.
typhimurium at the indicated multiplicity of infection (m.o.i.)
for 24 h in a CO, incubator at 37 °C. 1 h after infection, genta-
mycin (50 pg/ml) was added to the culture medium. As a pos-
itive control, macrophages were stimulated with LPS (1 wg/ml)
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for 4 h, the last half-hour of which in the presence of ATP (5
mM).

C. rodentium in Vivo Infection—C. rodentium (ATCC 51459)
was grown in LB broth overnight with shaking at 37 °C. For in
vivo experiments, mice were infected with 1 X 10'° c.f.u. by oral
gavage. Food and water intake were stopped 8 h prior to infec-
tion and allowed to resume 1 h after infection. To determine
bacterial counts, serial dilutions of homogenized feces were
plated on MacConkey agar plates and incubated at 37 °C for
24 h.

Cytokine Analysis—Concentrations of mouse cytokines and
chemokines in cell supernatants were determined using multi-
plex ELISA (Millipore), IL-18 ELISA (eBioscience), and IL-18
ELISA (MBL International).

Real-time Quantitative PCR—Total RNA was isolated using
the TRIzol method (Invitrogen). First strand cDNA was gener-
ated from total RNA using High Capacity cDNA Reverse Tran-
scription reagents (Applied Biosystems). cDNA samples were
prepared in duplicate and subjected to real-time quantitative
RT-PCR on an ABI Prism 7900 instrument using SYBR Green
PCR Master Mix (Applied Biosystems) and normalized to the
housekeeping gene Gapdh. The following primer pairs were
used for quantitative RT-PCR analysis: mouse Gapdh forward,
5'-CGTCCCGTAGACAAAATGGT-3’ and reverse, 5'-TTG-
ATGGCAACAATCTCCAC-3'; mouse caspase-11 forward,
5'-ACGATGTGGTGGTGAAAGAGGAGC-3" and reverse,
5'"-TGTCTCGGTAGGACAAGTGATGTGG-3'; mouse Nirp3
forward, 5'-TGCAGAAGACTGACGTCTCC-3’ and reverse,
5'-CGTACAGGCAGTAGAACAGTTC-3'. Quantitative RT-
PCR data were reported according to the standard curve
method.

Western Blotting—For protein analysis of Nlrp3, caspase-1,
and caspase-11, cell lysates were denatured with SDS plus 100
mM DTT and boiled for 5 min. SDS-PAGE-separated proteins
were transferred to PVDF membranes and immunoblotted
with primary antibodies against caspase-1, caspase-11, and
Nlrp3 followed by secondary anti-rabbit HRP antibodies as
described previously (23).

Statistics—GraphPad Prism 5.0 software was used for data
analysis. Data are represented as mean * S.E. or S.D. Statistical
significance was determined by Student’s ¢ test; p < 0.05 was
considered statistically significant.

RESULTS

Caspase-11 Is Required for C. rodentium- and E. coli-induced
Caspase-1 Activation and Secretion of IL-1B and IL-18—C.
rodentium is an enteropathogen of the murine gastrointestinal
tract and triggers inflammatory responses resembling those of
humans infected with enteropathogenic and enterohemor-
rhagic E. coli (31). Macrophages infected with these pathogens
induce activation of the Nlrp3 inflammasome (13), and we
recently described a critical role for this inflammasome in reg-
ulating host responses against C. rodentium in vivo (14). In
agreement with previously published results from Kayagaki et
al. (13), we show here that C. rodentium- and E. coli-induced
caspase-1 activation was defective in caspase-11-deficient
macrophages infected in vitro (Fig. 1, A and B). Interestingly, S.
typhimurium-induced caspase-1 activation was intact in
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FIGURE 1. Caspase-11 is required for inflammasome signaling in macrophages infected with C. rodentium and E. coli, but dispensable during S.
typhimurium infection. Bone marrow-derived macrophages from WT and caspase-11~/~ mice were infected with C. rodentium (m.o.i. 20), E. coli (m.o.i. 20), and
S. typhimurium (m.o.i. 5) as described under “Experimental Procedures.” A-C, caspase-1 activation was determined by Western blotting of cell lysates. D/,
secreted IL-1B and IL-18 in supernatants of infected macrophages were quantified by ELISA. Data represent means = S.E. (error bars) and are representative of

three independent experiments.

caspase-11-deficient macrophages (Fig. 1C), suggesting a spe-
cific role for caspase-11 in noncanonical inflammasome activa-
tion during C. rodentium and E. coli infection, as described
before. In addition to caspase-1 processing, secretion of mature
IL-1B and IL-18 in response to E. coli and C. rodentium infec-
tion was dependent on caspase-11 (Fig. 1, D-G), whereas S.
typhimurium-induced secretion of IL-13 and IL-18 was not
(Fig. 1, Hand I). The role of caspase-11 in regulating production
of IL-18 and IL-18 was specific because production of the
inflammasome-independent cytokines TNF-a and IL-6 was
similar in WT and caspase-11 macrophages infected with
E. coli and C. rodentium (supplemental Fig. 1).

Role of NLRs and AIM?2 in E. coli- and C. rodentium-induced
Activation of Noncanonical Inflammasome Signaling—Both
the recent report by Kayagaki et al. (13) and our results (Fig. 1)
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demonstrate that caspase-11 is required for activation of the
Nlrp3 inflammasome upon E. coli and C. rodentium infection.
However, the adaptor molecules regulating Nlrp3 inflam-
masome activation upstream of caspase-11 are not known. To
determine whether additional NLRs were involved in activation
of noncanonical Nlrp3 inflammasome upstream of caspase-11,
we examined caspase-1 activation in macrophages deficient for
various NLR receptors and the HIN-200 protein AIM2. As
expected, both C. rodentium- and E. coli-induced caspase-1
activation and IL-18 production were dependent on NLRP3
and ASC, whereas S. typhimurium-induced caspase-1 activa-
tion was dependent on NLRC4 and ASC (Fig. 2). Similar results
were observed for LPS+ATP-induced caspase-1 activation,
which required NLRP3 and ASC (supplemental Fig. 2). How-
ever, none of the other molecules tested (AIM2, NLRC4, NOD1,
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FIGURE 2. Role of NLRs and adaptor molecules in caspase-1 activation and IL-13 secretion from macrophages infected with Gram-negative bacteria.

Bone marrow-derived macrophages from WT, Asc/~, Aim2~/~, Nirp3~/~

, Nlrc4™—

/=, Nod1~/~, Nod2~'~, NIrp6 """, and Nirp12~/~ mice were infected with

C. rodentium (m.o.i. 20), E. coli (m.o.i. 20), or S. typhimurium (m.o.i. 5) for 24 h as described under “Experimental Procedures.” Caspase-1 activation was
determined by Western blotting of cell lysates (A, C, and E), and secreted IL-1 in supernatants of infected macrophages was quantified by ELISA (B, D, and F).
Data represent means = S.E. (error bars) and are representative of at least three independent experiments.

NOD2, NLRP6, and NLRP12) was required for caspase-1 activa-
tionin E. coli- and C. rodentium-infected macrophages, suggesting
that these cytoplasmic adaptors do not play an important role in
noncanonical inflammasome activation.

TLR4 Is Specifically Required for Nlrp3 Inflammasome Activa-
tion in Macrophages Infected with C. rodentium and E. coli—
Activation of the Nlrp3 inflammasome by extracellular ATP,

OCTOBER 5,2012+VOLUME 287+NUMBER 41

pore-forming toxins and crystals requires NF-kB-mediated
priming (32), but whether TLR-induced NF-«B activation
mediates Nlrp3 inflammasome activation in response to
enteropathogens is not known. Wild type, Tir2~'~, and
Tlr7~'~ macrophages infected with C. rodentium secreted nor-
mal levels of IL-18 and IL-18 in the culture medium, but secre-
tion of these inflammasome-dependent cytokines was signifi-
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FIGURE 3. Role of TLR4 in inflammasome activation and secretion of IL-13 and IL-18 by C. rodentium-, E. coli-, and S. typhimurium-infected macro-
phages.WT, TIr2~/~, TIr4~/~,and TIr7 '~ bone marrow-derived macrophages were infected with C. rodentium (m.o.i. 20), E. coli (m.o.i. 20), and S. typhimurium
(m.o.i. 5) for 24 h as described under “Experimental Procedures.” Secreted IL-13 and IL-18 in supernatants of infected macrophages were quantified by ELISA
(A-F), and caspase-1 activation was determined by Western blotting of cell lysates (G-/). Data represent means = S.E. (error bars) and are representative of at

least three independent experiments.

cantly attenuated in TLR4-deficient macrophages (Fig. 3, A and
B). Concurrently, E. coli-induced IL-18 and IL-18 secretion
were severely hampered in Tlr4~/~ macrophages (Fig. 3, C and
D). Notably, Tlr4~’~ macrophages infected with S. typhimu-
rium also secreted less IL-18 and IL-18 (Fig. 3, E and F). This
suggests that TLR4 is required for production of proIL-18 and
prolL-18 in macrophages infected with Gram-negative bacteria
irrespective of the inflammasome involved. To examine
directly the role of TLR signaling in inflammasome activation
by C. rodentium and E. coli, we analyzed caspase-1 maturation
in cell lysates of macrophages infected with these pathogens.
Caspase-1 processing into the large catalytic subunit (p20) was
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observed in wild type, Tlr2~/~, and Tlr7 '~ macrophages
infected with C. rodentium or E. coli, but not in Tlr4~'~ macro-
phages (Fig. 3, G and H). Notably, S. typhimurium-induced
caspase-1 activation was not affected in macrophages lacking
TLR4 (Fig. 31). These results suggest that in addition to its gen-
eral role in inducing prolL-183 synthesis in macrophages
infected with bacterial pathogens, TLR4 is specifically required
for inflammasome activation by enteric bacterial pathogens.
TRIF Mediates Nirp3 Inflammasome Activation by
Enteropathogens—To examine further the mechanism by
which TLR4 mediates Nlrp3 inflammasome activation in
macrophages infected with enteropathogens, cells lacking the

S
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FIGURE 4. TRIF is critical for C. rodentium- and E. coli-induced inflam-
masome activation. WT, TIr2~/~, TIrd/~, Myd88~'~, Trif /=, and Myd88 '~
Trif /~ macrophages were infected with C. rodentium (m.o.i. 20), E. coli (m.o.i.
20), or S. typhimurium (m.o.i. 5) as described under “Experimental Proce-
dures.” Caspase-1 activation was determined by Western blotting of cell
lysates (A-C), and secreted IL-18 in supernatants of infected macrophages
was quantified by ELISA (D-F). Data represent means = S.E.(error bars) and are
representative of at least three independent experiments.

TLR adaptors MyD88 (MyD88'~), TRIF (Trif '~), or both
MyD88 and TRIF (MyD88 '~ Trif '~) were infected with C.
rodentium and E. coli as before. TIr2~'~ and Tlr4~'~ macro-
phages were included in these experiments as positive and neg-
ative controls, respectively. C. rodentium-induced caspase-1
activation proceeded normally in MyD88 '~ macrophages but
was abrogated in macrophages lacking TRIF alone or in com-
bination with MyD88 (Fig. 4A). Similarly, Tlr4~'~, Trif /=, and
MyD88 '~ Trif '~ macrophages failed to activate caspase-1

OCTOBER 5,2012+VOLUME 287+NUMBER 41

when infected with E. coli, whereas wild type, T/r2~'~, and
MyD88 '~ macrophages responded with robust caspase-1
processing (Fig. 4B). Unlike these enteropathogens, S. typhimu-
rium-induced caspase-1 activation proceeded unabated in
macrophages lacking TRIF (Fig. 4C). Together with our previ-
ous results, this suggests TLR4- and TRIF-mediated signaling
to be specifically required for enteropathogen-induced inflam-
masome activation. In agreement with these caspase-1-proc-
essing data, induction of pyroptotic cell death was also reduced
in Tlr4~'~ and Trif /~ macrophages compared with WT
macrophages infected with C. rodentium or E. coli, respectively
(supplemental Fig. 3). In contrast, pyroptosis in Myd88 '~
macrophages was induced to levels comparable with those of
WT macrophages infected with C. rodentium or E. coli as deter-
mined by lactate dehydrogenase release assay (supplemental
Fig. 3).

Despite being dispensable for C. rodentium- and E. coli-in-
duced caspase-1 activation, MyD88 was required for IL-1f3
secretion from macrophages infected with these pathogens
(Fig. 4, D and E). Notably, IL-18 secretion was also reduced in
Trif '~ macrophages, but its production was completely
blunted in cells lacking MyD88 (Fig. 4, D and E). In agreement
with a general role in prolL-18 synthesis, MyD88 was also
required for S. typhimurium-induced IL-1f secretion (Fig. 4F).
The modestly higher level of secreted IL-18 in Tlr4 '~ cells
relative to MyD88 '~ macrophages suggests that MyD88 may
contribute to NF-«B-driven production of prolL-18 down-
stream of multiple TLRs during Gram-negative infections.
Unlike MyD88, TRIF was specifically required for secretion of
IL-1 from macrophages infected with C. rodentium or E. coli
(Fig. 4, D and E), and not in cells infected with S. typhimurium
(Fig. 4F). To address further how TRIF regulates IL-18 expres-
sion, we determined IL-18 mRNA levels in WT and Trif '~
macrophages infected with C. rodentium or E.coli. IL-1f3
mRNA synthesis partially depended on TRIF, whereas MyD88
was critical for enteropathogen-induced IL-18 mRNA produc-
tion (supplemental Fig. 4). Altogether, these results suggest
MyD88 to be critical for prolL-1 production in macrophages
infected with Gram-negative bacteria, whereas TRIF specifi-
cally controls enteropathogen-induced inflammasome activa-
tion and partially regulates IL-1f3 transcription.

TLR4 and TRIF Are Required for Caspase-11 Synthesis and
Activation—Activation of the Nlrp3 inflammasome in C.
rodentium- and E. coli-infected macrophages was previously
shown to rely on caspase-11 (13). In agreement, we found
caspase-1 maturation and IL-1 production to be significantly
hampered in caspase-11-deficient cells infected with C. roden-
tium or E. coli (Fig. 1). Having established that caspase-11 is
required for inflammasome activation by C. rodentium and
E. coli, we explored the hypothesis that TLR4 and TRIF may
specifically regulate enteropathogen-induced inflammasome
activation by modulating the expression of caspase-11. Relative
to levels in C. rodentium- and E. coli-infected wild type and
TLR2-deficient macrophages, caspase-11 production in cells
lacking MyD88 was largely normal (Fig. 5, A and B). In contrast,
caspase-11 mRNA induction was markedly reduced in Tird™'~,
Trif '~, and MyD88 '~ Trif '~ macrophages infected with C.
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under “Experimental Procedures.” RNA expression were normalized to the expression of GAPDH and then depicted as -fold increase. C, D, G, and H, cell lysates
of WT, TIr4~/~, and Trif /~ macrophages infected with C. rodentium or E. coli for 24 h were analyzed for caspase-11 and Nlrp3 expression by Western blotting.
Data represent means = S.E. (error bars) and are representative of at least three independent experiments.

rodentium or E. coli (Fig. 5, A and B), indicating that TLR4 and
TRIF are required for caspase-11 production. In agreement,
procaspase-11 protein levels and caspase-11 processing in
Tir4~'~ and Trif '~ macrophages that have been infected with
C. rodentium or E. coli were significantly reduced relative to
infected WT cells (Fig. 5, Cand D). Notably, TLR4 and MyD88,
but not TRIF, were required for efficient induction of Nlrp3
transcripts in response to these enteropathogens (Fig. 5, C and
D) although Nlrp3 protein levels remained relatively stable in
infected WT, Tlr4~'~,and Trif '~ macrophages (Fig. 5, G and
H). Together, these results suggest that TLR4 and TRIF modu-
late enteropathogen-induced inflammasome activation by pro-
moting caspase-11 expression and activation.
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Role of TRIF, MyD88, and Caspase-11 during C. rodentium
Infection in Vivo—Previous studies showed that mice deficient
in the TLR adaptor MyD88 are highly susceptible to C. roden-
tium infection (33). We showed here that the TLR4-TRIF sig-
naling axis is important for caspase-11 expression and Nlrp3
inflammasome activation during E. coli and C. rodentium infec-
tion of macrophages in vitro. To determine whether TLR4 and
TRIF were important for C. rodentium infection in vivo, mice
deficient in TLR4, TRIF, MyD88, or both TRIF and MyD88 were
infected orally with C. rodentium. Mice lacking only TRIF or
MyD88 survived, whereas mice doubly deficient for MyD88 and
TRIF were highly susceptible to infection and all succumbed by
day 8 (Fig. 6A). These results suggest that TRIF and MyD88 play
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redundant roles during C. rodentium infection and that dele-
tion of both markedly affected host responses against entero-
pathogen infection. Although Trif /= and Myd88 '~ mice
showed no difference in survival compared with WT mice, bac-
terial counts in feces were increased, albeit only modestly in
Trif '~ mice (Fig. 6B). As expected, bacterial burdens in
Myd88 '~ Trif '~ mice were more elevated than in animals
lacking MyD88 or TRIF alone (Fig. 6B), suggesting that these
mice succumbed to infection consequent to uncontrollable
bacterial replication. The response of C. rodentium-infected
caspase-11~"'" mice resembled that of Trif /~ mice in that they
also had nearly normal (statistically not significant) bacterial
numbers (Fig. 6C), and none of the infected caspase-11~'~
mice succumbed to infection (data not shown). These results
suggest that unlike in in vitro-infected macrophages, TRIF and
caspase-11 play relatively modest roles during C. rodentium
infection in vivo.

DISCUSSION

Kayagaki et al. (13) previously described a critical role for
caspase-11 in Nlrp3 inflammasome activation and IL-1 secre-
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tion in macrophages infected with the enteropathogens C.
rodentium, E. coli, and V. cholerae. We extended these results
to an in vivo setting by demonstrating that the Nlrp3 inflam-
masome contributed importantly to host defense against C.
rodentium because mice lacking Nirp3 or doubly deficient for
the inflammasome proteases caspase-1 and -11 were hypersus-
ceptible to C. rodentium infection (14). However, insight into
the mechanisms controlling caspase-11-mediated inflam-
masome activation during infections with enteropathogens in
infected macrophages and the relative importance of
caspase-11 during C. rodentium infection in vivo was lacking.
Here, we provided genetic and biochemical evidence impli-
cating TLR4 and TRIF in regulating expression of caspase-11
and activation of the Nlrp3 inflammasome in response to infec-
tion with enteropathogens such as E. coli and C. rodentium.
Notably, our results revealed differential roles for MyD88 and
TRIF in modulating enteropathogen-induced Nlrp3 inflam-
masome activation and IL-18 secretion, suggesting a mechanis-
tic model in which these TLR adaptors integrate TLR and
inflammasome responses through nonredundant mechanisms
(Fig. 6D). Indeed, the TLR4-TRIF signaling axis was critical for
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up-regulation of procaspase-11 and its processing during non-
canonical activation of the Nlrp3 inflammasome by C. roden-
tium and E. coli. Caspase-11 activation may result from “spon-
taneous” autocatalytic processing in cis or trans when a certain
concentration threshold has been surpassed (34). More likely,
however, caspase-11 activation may require its recruitment in a
multiprotein complex that induces proximity-induced oligo-
merization and activation-promoting conformational changes
in caspase-11 zymogens, as described for activation of other
initiator caspases (35, 36) In this model, autocatalytic matura-
tion may function to subsequently stabilize activity of assem-
bled caspase homo- and heterodimers.

Our results implicate TRIF signaling in regulating caspase-11
production and activation, but further analysis is required to
clarify the molecular mechanism by which the TLR4-TRIF axis
regulates caspase-11 expression. TRIF is known to regulate
IRF3/7-mediated type I interferon production and has been
implicated in delayed NF-«B activation (37, 38). Type I inter-
feron signaling was recently confirmed to contribute to
caspase-11 synthesis (39), but the role of delayed NF-«B signal-
ing remains to be examined. Notably, the TLR4-TRIF signaling
axis appears to be specifically required during enteropathogen
infections, as TRIF and caspase-11 were dispensable for inflam-
masome activation by S. typhimurium. In contrast, MyD88
mediated transcriptional up-regulation of NLRP3 and prolL-
1B, but was dispensable for caspase-11 synthesis during E. coli
and C. rodentium infection. Moreover, MyD88 was required for
prolL-18 production in response to enteropathogens and other
stimuli alike, including LPS+ATP and S. typhimurium infec-
tion. Interestingly, macrophages that were stimulated with LPS
or infected with S. typhimurium both responded with inducing
caspase-11 expression (data not shown), similar to cells
infected with C. rodentium or E. coli. However, why caspase-11
is critical for inflammasome activation during C. rodentium and
E. coli infections, but not in response to Salmonella or
LPS+ATP treatment requires further investigation. Relative to
C. rodentium and E.coli, LPS+ATP and S. typhimurium
potently induce inflammasome activation in a short time frame
(i.e. <3 h). One possibility may therefore be that relatively fast
inflammasome activation may bypass the requirement for
caspase-11, whereas stimuli that trigger inflammasome activa-
tion at later time points (as during E. coli and C. rodentium
infection) may proceed through caspase-11. In support of this
hypothesis is the observation that a mutant strain of S. typhi-
murium that lacks flagellin (S. typhimurium flib/c) fails to acti-
vate the Nlrc4 inflammasome in the first hours after infection,
but instead required caspase-11 to activate the Nlrp3 inflam-
masome upon prolonged infection (>12 h) (data not shown).
An alternative explanation for the differential requirement for
caspase-11 is that C. rodentium and E.coli produce yet
unknown molecules that trigger caspase-11 activation, which
are absent during LPS+ATP stimulation and during the initial
phases of S. typhimurium infection. Additional work is needed
to dissect these mechanistic models further.

We previously demonstrated a critical role for the Nlrp3
inflammasome in host defense against C. rodentium in vivo
(14). Similarly, MyD88-deficient mice are highly susceptible to
C. rodentium infection (33). Notably, susceptibility increased
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further when both TRIF and MyD88 signaling were abrogated
simultaneously. In addition to increased bacterial counts in the
stool of C. rodentium-infected Myd88~'~ Trif '~ mice, this
was reflected by a 100% mortality rate. Unlike Myd88 '~
Trif '~ mice, however, we found that Trif /~ mice displayed
only slightly increased bacterial burdens in the stool without
any associated morbidity or mortality. Also, caspase-11~'~
mice presented with few signs of increased disease progression,
suggesting that noncanonical inflammasome signaling plays a
relatively minor role during in vivo infection with C. rodentium.
Because NIrp3 signaling is important for host defense against C.
rodentium in vivo (14) and given that caspase-11 is critical for
Nlrp3 inflammasome activation in C. rodentium-infected
macrophages, this suggests that the role of noncanonical
inflammasome signaling in C. rodentium-infected mice might
be mitigated by canonical Nlrp3 activation in other cell types.
Further analysis is required to examine the mechanism of
enteropathogen-induced Nlrp3 inflammasome activation in
additional cell types that may contribute to host responses in
vivo such as epithelial cells, fibroblasts, and other hematopoi-
etic cell types.

In conclusion, we showed here that TRIF and MyD88 signal-
ing downstream of TLR4 differentially regulate Nlrp3 inflam-
masome activation and IL-18 secretion in macrophages
infected with enteropathogens. The TLR4-TRIF axis regulated
noncanonical inflammasome activation by promoting tran-
scription induction of procaspase-11 expression and pro-
caspase-11 processing, whereas the TLR4-MyD88 pathway
controlled transcriptional up-regulation of Nlrp3 and prolL-
1B. These results highlight the nonredundant roles of MyD88
and TRIF in integrating TLR- and inflammasome activation
during enteropathogen infection.
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